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side of the DNA surface because it does
not interact with the two central motif
nucleotides. A fully folded bHLH interact-
ing with the complete motif would not
allow access of the other side of the
DNA to histones. This model for the basis
of bHLH nucleosome binding ﬁts well with
the known activity of another bHLH,
Ascl1, as a pioneer factor. The bH of Ascl1
is very short and its binding motif at nucle-
osomally-enriched sites also lacks any
preference for the central two nucleotides,
consistent with a bound state that is
restricted to one side of the DNA.
By virtue of their ability to target silent
genes locked in closed chromatin, pioneer
factors have essential roles in cellular pro-
gramming during development and differ-
entiation. Focusing on the molecular
interactions between known pioneer tran-
scription factors and nucleosomes has
allowed Souﬁ et al. to unlock intriguing
general principles of how these factors
work, bringing us a step closer to being
able to manipulate cellular reprogramming
for therapeutic purposes.
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G-Protein-coupled receptors
(GPCRs) were classically described
as monomers. We now appreciate
that they also function as homo-
and hetero-oligomers, for which
structural information is lacking.
Here, we use available 3D struc-
tures and biochemical consider-
ations to present and evaluate
experimentally testable structural
models for GPCR oligomers and
associated G proteins.
From Monomeric Receptors
Tetrameric Complexes
GPCRs comprise the largest family of pro-
teins in mammals. They mediate diverse
important physiological functions in mam-
malian body systems and are implicated in
the pathophysiology of serious diseases.
GPCRs have been classically described as
monomeric transmembrane (TM) recep-
tors that form a ternary complex together
with the ligand and the associated G pro-
tein. It is now accepted that GPCRs may
interact with additional proteins to selec-
tively modulate distinct intracellular signal
transduction pathways. A particular case is
the formation of GPCR homo- and hetero-
dimers, or higher-order oligomers.
High-resolution crystal structures avail-
able for GPCRs (mostly belonging to
rhodopsin-like/class A receptors) often
reveal intimate association between
monomers through the TM domains.
0, No. 10These associations are compatible with
the spatial restrictions imposed by the
membrane and with previous experi-
ments investigating the topology of such
complexes [1]. With only a few exceptions
(see Table S1 in the supplemental infor-
mation online), these receptor pairs have
twofold rotational symmetry; that is, they
form head-to-head interfaces that occur
mainly through TMs 1, 4, 4/5, and 5/6
(Figure 1A) [2]. Remarkably, two crystal
structures revealed not only dimers, but
also homo-oligomeric strands of recep-
tors with two different interfaces: TM1 and
TM5/6 for the m-opioid receptor (mOR) [3]
and TM1 and TM4/5 for the b1-adrenergic
receptor (b1-AR) [4]. Regardless of
whether dimers and oligomers adopt
these structural arrangements in vivo,
there is no doubt that they constitute
high-resolution structural information that
can facilitate the task of modeling GPCR
dimers and/or oligomers [5]. In this forum,
we show how tetramers, emerging from
the combination of crystallographic inter-
faces, may ﬁt into the current understand-
ing of GPCR activation and G-protein-
coupling.
Homodimers with One G Protein
Let us ﬁrst consider the simplest case of
head-to-head dimers interacting with a G
protein. The crystal structures of the
b2AR-Gs complex [6] and of opsin with
a G/ C-terminal (Ct)-derived peptide [7]
revealed the precise changes (mainly in
TMs 5 and 6) required for G/Ct binding
(Figure 1B). Such conformational changes
are possible in most dimer models (e.g.,
the TM1 dimer in Figure 1C). An exception
is the TM5/6 dimer, in which a compact
four-helix bundle would impede the con-
formational shift (Figure 1D). Thus, the
prediction is that the TM5/6 dimer is an
unlikely GPCR functional entity, because it
would not be able to activate and engage
G-protein-mediated signaling.
The now-assumed 2:1 (receptor:G pro-
tein) stoichiometry [8] ﬁts with a cross-
sectional area (in the plane of the plasma
membrane) of a receptor being
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approximately half of the maximum cross-
sectional area of a heterotrimeric G protein.
This implies that the protomer that binds
G/Ct, but not the partner protomer,
undergoes the conformational changes
needed in TMs 5 and 6 (Figure 1C). Still,
not all dimeric structures are compatible
with the binding of the G protein. For
instance, in a TM4 dimer, the N terminus
of the G/ would clash with the partner
protomer (itself not interacting with G/Ct)
(Figure 1E). Thus, TM1 and TM4/5 dimers,
which appear more frequently in the crys-
tals, are the most plausible dimeric models.
Unlike / subunits, which directly interact
with one of the protomers, bg subunits do
not necessarily establish interactions with
the partner protomer in these dimers (e.g.,
see Figure 1F, illustrating the TM1 dimer).
Another key element is the ‘clam shell-like’
opening of the small globular domain in
the G/ subunit, known as the /-helical
(AH) domain, which occurs in every GTP–
GDP exchange [9,10]. When the AH
domain is modeled in the ‘closed’ confor-
mation [11], both TM1 and TM4/5 models
can accommodate the G protein. How-
ever, the open conformation of the AH
domain observed in the crystal structure
of the b2AR-Gs complex would sterically
clash with the second protomer of a TM4/
5 dimer (Figure 1G). One may then wonder
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comprising two TM4/5 dimers with the TM1 interdimer interface modeled using the crystal structure of the b1-adrenergic receptor (Protein Data Bank id: 4GPO [4]. For
simplicity, we used the notation TM4/5–TM1, to indicate the intradimer–interdimer interface. There are three possible ways of arranging two G proteins in such a
heterotetramer (in-in, in-out, and out-out). (B) ‘Zigzagged’ TM1/TM5/6 heterotetramer with G proteins in the out-out mode modeled using the crystal structure of the m-
opioid receptor (Protein Data Bank id: 4DKL [3]). (C) ‘Compact’ TM4/5/TM5 heterotetramer with G proteins in the out-out mode. In all panels, G/ subunits are depicted in
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whether the conformation of AH observed
in the b2AR-Gs crystal may be physiologi-
cal or if its movement should be smaller in
magnitude. Remarkably, the closed con-
formation of the AH domain is not attain-
able in the reported crystal lattice due to
steric clash with the Ras domain of a
neighboring crystal unit (not shown). As
additional evidence suggests [9,10], a
slightly less-opened conformation than
that observed in the crystal structure
would make the steric hindrance disap-
pear in TM4/5 dimers.
Tetramers with Two G Proteins
The simplest way to form a tetramer is to
combine two head-to-head dimers using
an additional interface. As an example,
Figure 2A combines two TM4/5 dimers
(in gray and red) using the TM1 interface
to give a TM4/5–TM1 heterotetramer (see
Figure 2 for nomenclature) modeled using
the crystal structure of b1-AR (Protein
Data Bank id: 4GPO [4]). Two G proteins
may potentially bind either to the inner or
outer protomers in a GPCR tetramer giv-
ing rise to ‘in-in’, ‘in-out’, or ‘out-out’ pos-
sibilities (Figure 2A). In addition to the TM1
and TM4/5 interfaces described for homo-
dimers, TM5/6 (Figure 2B) and TM4
(Figure 2C) are possible interdimer interfa-
ces for a tetramer. For example, the TM1–
TM5/6 tetramer, which is equivalent to the
arrangement observed in the crystal struc-
ture of m-OR (Protein Data Bank id: 4DKL
[3]), may bind two G/ in the two external
protomers in the out-out mode. The in-in
and in-out modes are forbidden because
TMs 5 and 6 in the internal protomers are
blocked and, therefore, cannot bind G/.
The combination of the above-described
basic dimer models interacting through
TM1 or TM4/5 using TM1, TM4, TM4/5,
or TM5/6 as interdimer interfaces gives rise
to only six possible tetramers. The relative
distance between inter- and intradimer
interfaces is useful to divide tetramers
into ‘linear’ tetramers (distant interdimerinterfaces, as in TM1–TM4/5, Figure 2A),
‘zigzagged’ tetramers (intermediate situa-
tion, as in TM1–TM5/6, Figure 2B) and
‘compact’ tetramers (close interdimer inter-
faces, as in TM4/5–TM4, Figure 2C). Com-
pact tetramers encounter difﬁculties in
accommodating two G proteins due to
excessive crowding at the cytoplasmic
region. Still, the TM4/5–TM4 (Figure 2C)
and the TM4/5–TM5/6 tetramer (not
shown) are feasible in the out-out mode.
By contrast, linear and zigzagged tetramers
are more permissive, except in the in-in
mode, which also suffers from steric hin-
drance between the two G proteins in all but
TM4/5–TM1 tetramers (Figure 2A).
Overall, there are only ten likely combina-
tions of tetramers with two G proteins: one
following the in-in mode (TM4/5–TM1),
three in the in-out mode (TM1–TM4,
TM1–TM4/5, and TM4/5–TM1) and six
in the out-out mode (TM1–TM4, TM1–
TM4/5, TM1–TM5/6, TM4/5–TM1, TM4/
5–TM4, and TM4/5–TM5/6). It should be
noted that a stoichiometry with more than
two G proteins per tetramer is forbidden
due to steric issues.
Functional Relevance
The above-described hypothetical tetra-
meric models of GPCRs are compatible
with available structural data and current
knowledge of signal transduction. Com-
plexes are symmetrical in the GPCR
arrangement (both dimer and tetrameric
models display twofold rotational symme-
try), but G-protein-binding may be asym-
metrical. Furthermore, the proposed
structures may be helpful for understanding
GPCR oligomerization and for designing
novel approaches to understand GPCR
function. For instance, the structures may
be useful to reveal, at the residue level, how
one receptor may allosterically modulate
another receptor, or how two G proteins
can communicate with each other and
affect heteromer-mediated signaling.
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